Cytophilic macroglobulin was eluted (by heating at 56 C for 60 min) from lymphoid cells of mice immunized with subfractions of virulent Salmonella typhimurium SR-1 l or vaccinated with an attenuated strain of S. typhimurium (RIA). No such macroglobulin was present on comparable cell populations from normal or adjuvant-injected mice. Cytophilic macroglobulin was also present in the sera of immunized mice. In mice immunized with RNA and protein-containing subfractions extracted from lysates of S. typhimurium SR-u1, the cytophilic macroglobulin was present by 14 days after immunization, whereas it was present by 10 days in mice injected with living attenuated S. typhimurium RIA. This macroglobulin reacts specifically with protein-rich components present in the immunogenic subfractions of the whole bacterial cells and has been demonstrated to facilitate phagocytic uptake of virulent S. typhimurium SR-11. Moreover, a similar protein material was present in broth culture media in which the salmonellae were cultivated. Greater amounts were detectable in older (4 day) cultures.
The cell-associated antibody in salmonellaimmune mice was originally described by Rowley et al. (25) as 19S globulin. Kurashige et al. (14) and Mitsuhashi et al. (18) focused attention on the fact that cell-bound globulins adsorbable by Salmonella enteritidis exist on the surface of macrophages in mice hyperimmunized with an attenuated strain of S. enteritidis as well as on the surface of macrophages converted to an immune status upon exposure to ribonucleic acid (RNA) isolated from immune monocytes. In this study, cell-bound globulin was present on lymphoid cell populations of mice immunized with subfractions of virulent S. typhimurium SR-11 shown to stimulate resistance to lethal salmonella infection (28) or from mice injected with the RIA vaccine strain of S. typhimurium. This globulin was characterized as a macroglobulin reactive with protein-rich components of the subfractions extracted from S. typhimurium SR-i I and appears to enhance phagocytic uptake of the salmonellae.
MATERUILS AND METHODS
Bacterial preparations. The S. typhimurium strains (SR-1I and RIA) and subfractions (E-RNA, P-RNA, and NP) are identical to those already described (28) . In this study, DP is a protein fraction isolated from the phenol-water interface during phenol extractions of whole-cell RNA (P-RNA) from salmonellae. The protein material was removed from the phenol-water interface with a pipette, suspended in 0.02 M phosphate-buffered saline (pH 7.2; PBS), and dialyzed against distilled water to remove sodium dodecyl sulfate. Subsequently, the protein was mixed with just enough distilled water to effect solubilization and was concentrated by lyophilization. The Westphal and Boivin S. typhimurium lipopolysaccharides were purchased from Difco Labs., Detroit, Mich.
Culture media concentrates. Either 250 ml of an 8-hr (2.8 X 1011 cells) or 250 ml of a 96-hr (1.5 X 1011 cells) Brain Heart Infusion (BHI) broth culture of S. typhimurium SR-il or RIA was centrifuged for 10 min at 10,000 X g in a Sorvall (model RC-2) refrigerated centrifuge to sediment the cells, followed by 10 min at 25,000 X g to clarify the media. To the supernatant medium (NH4)2SO4 was added in the cold until 100% saturation was reached. This mixture was allowed to remain overnight at 4 C, and the precipitate was sedimented by centrifugation at 25 ,000 X g. The precipitate was suspended in 25 to 30 rnl of deionized distilled water, dialyzed against distilled water for 12 hr at 4 C, then dialyzed for 12 hr against PBS, and lyophilized. Protein from sterile uninoculated BHI broth was similarly prepared.
Preparation of eluates of lymphoid cell populations. The procedure for the extraction of the peritoneal exudate cells was that of Saito and Mitsuhashi (26, 27 Immunizations. Twenty-one-to 35-day-old female, albino, ICR mice were used for immunizations with bacterial subfractions as previously described (28) . Mice were also injected subcutaneously with saline in incomplete Freund's adjuvant (Difco Labs., Detrcit, Mich.) and with 106 viable S. typhimurium RIA. The immunized mice were sacrificed 10 to 14 days after injection unless otherwise stated.
Rabbits. New Zealand white female rabbits (2-2.5 kg) were immunized with the NP and DP fractions of S. typhimurium SR-11, peritoneal cell macroglobulin, normal mouse sera immunoglobulin M (IgM), and with normal mouse sera globulins. Normal mouse globulins were prepared by (NH4)2SO4 fractionation and isolation of mouse sera IgM was performed by separating whole mouse sera on Sephadex G-200 columns. Antisera were collected from rabbits injected both into the hind footpad and thigh muscle with a total of 20 (6) . Twenty-four hr after injection of the macroglobulin, the mice were injected intraperitoneally with 500 median lethal doses (LD5o) of S. typhimurium SR-1 1. Three days after injection of the virulent salmonellae, the mice were sacrificed, and the livers and spleens were removed and examined for viable salmonellae. In vitro clearance of S. typhimurium was determined in short-term cultures of PEC. Streptomycin, necessary for longer cultivation of peritoneal cells and to which this S. typhimurium is sensitive, is taken up by macrophages in culture (2, 22) . Thus, the only antimicrobial agent in the medium was penicillin at concentrations (25 units/ml) to which the salmonellae are not sensitive. PEC were collected from immune and normal mice as previously described. Cells were collected from mice initially immunized with an E-RNA preparation and later challenged with 1,000 LD50 doses of S. typhimurium SR-1 1. The immune mice used in tthis experiment were those which had survived the 35 days after the challenge with virulent salmonellae. PEC from these mice were divided into two groups, one of which served as control and the other which was exposed to virulent S. typhimurium SR-11 in culture. The peritoneal cells from normal mice were divided into the following groups: an untreated control group and groups treated for 1, 4, and 24 hr with 50 mouse-equivalents of macroglobulin prior to exposure to virulent S. typhimurium SR-11. PEC were also obtained from normal mice that intravenously (iv) had received 36 hr previously 50 mouse-equivalents of macroglobulin in VOL. 6, 1972 0.2-ml amounts. After the final washing, the peritoneal cell suspensions were adjusted to concentrations of 8 a single protein fraction which was excluded from the column, as was a normal mouse serum IgM marker prepared by separation of sera on Sephadex G-200 columns (Fig. 1) . Incubation of the PEC eluates with ribonuclease and deoxyribonuclease (Sigma Chem. Co., St. Louis, Mo.) exerted no effect on the elution patterns. Macroglobulin reduced and alkylated with 2-ME and IA was no longer excluded from Sephadex G-200 columns.
Serological evidence of macroglobulin nature of cytophilic globulin. Utilizing the techniques of gel diffusion and passive hemagglutination, we showed the cytophilic globulin present in PEC eluates to be a macroglobulin. Goat anti-mouse (GAM) globulin sera (anti-IgG1, anti-IgG2, anti-IgA, and anti-IgM, Meloy Labs., Springfield, Va.) were used in gel diffusion studies. Of 25 mice received iv 5 X 106 PEC from normal mice that had been treated for 30 min with 50 mouseequivalents of macroglobulin. A third group of normal mice served as controls. Twenty-four hours later, all three groups of mice were injected intraperitoneally with 500 LD50 doses of virulent S. typhimurium SR-11 (5 X I05 bacteria). Three days after the injection of the virulent samonellae, five mice in each group were sacrificed, the livers and spleens were removed and weighed, and the number of viable S. typhimurium per gram of tissue was determined. At this time, the normal control mice exhibited organ counts of 3.5 x 107 viable salmonellae per g of tissue. The mice pretreated with macroglobulin alone contained 3.2 X 10a S. typhimurium per g of tissue, whereas those receiving the macroglobulin-treated PEC showed organ counts of 7.4 X 104 viable S. typhimurium per g of tissue. Survival after challenge infection was observed in the other 20 mice in each of the three groups.
All normal mice were dead by 7 days after injection of virulent salmonellae; all mice receiving macroglobulin were dead by 12 In vitro culture methods were used to examine the effect of macroglobulin on short-term cultures of PEC. PEC were removed from immune mice, from mice injected iv 36 hr previously with macroglobulin and from normal mice. Since the immune cells came from animals that had survived challenge infection with S. typhimurium SR-11, they were cultivated alone over a 4-hr period, during which time cultures from the same animals were being observed in the presence of a new inoculum of S. typhimurium SR-11. In these immune cell control cultures, an average of 50 salmonellae found intracellularly (in pellet only) was present throughout the 4-hr experimental period. Consequently, all pellet values for the immune cell cultures (column B) have been reduced by 50 in Table 5 except for the values at 180 and 240 min. At these times, fewer than 10 salmonellae were detected. None of the cell culture control of PEC from the normal or macroglobulin-treated mice contained detectable bacteria. Macroglobulin was incubated with normal PEC for 1, 4, and 24 hr prior to exposure to virulent salmonellae. Virulent S. typhimurium SR-I1 was added to the various PEC in a ratio of 1 bacterium to 1,000 PEC. Periodically, over a 4-hr culture period duplicate cultures were terminated, and the supernatant fluid and cell pellet were examined for S. typhimurium. The untreated PEC (column A) supported the growth of S. typhimurium both extracellularly (supernatant value) and intracellularly (pellet value). By 4 hr, 10,000 salmonellae were present in the supernatant fluid, and the washed PEC were exhibiting evidence of necrosis macroscopically and microscopically. When macroglobulin was incubated with normal PEC for 1 hr prior to the addition of virulent salmonellae, little difference in the numbers of salmonellae seen in the supernatant fraction and washed cell pellets over the 4-hr observation period existed in comparison with the values seen in column A. But, when normal mouse PEC were exposed to macroglobulin for either 4 or 24 hr prior to exposure to the virulent salmonellae, decreases in numbers of extracellular bacteria were seen by 35 min of culture. Markedly decreased numbers were present extracellularly after 55 min of culture with the fewest extracellular salmonellae seen at 180 min. This effect was identical to that seen in PEC from mice that had received iv macroglobulin 36 hr prior to collection of PEC and subsequent infection in vitro (column C, Table 5 ). However, the most marked decrease in the presence of extracellular salmonellae was seen with the immune PEC cultures (column B, Table 5 ). This was apparent at 35 min after addition of the virulent salmonellae. After 55 min of culture, even greater decreases in the numbers of extracellular salmonellae were observed. In contrast to the other PEC cultures, the immune cell cultures also readily ingested large numbers of salmonellae early (15-35 min) and by 120 min and thereafter showed marked decreases in the numbers of intracellular salmonellae. In comparison, the values for intracellular salmonellae in PEC cultures represented in columns A and C during the early (15-35 min) phase of this experiment reveal that those cultures exposed for longer times to macroglobulin (column C) also contained greater numbers of intracellular salmonellae. Thus, macroglobulin appears to facilitate phagocytic uptake of virulent S. typhimurium SR-11 in vitro. DISCUSSION Cytophilic macroglobulin was found in the sera and on lymphoid cell populations of mice immunized with either subfractions of virulent S. typhimurium SR-11 containing RNA and protein or with the attenuated S. typhimurium RIA. This macroglobulin was shown to react specifically with protein-rich components of the immunogenic subfractions of the virulent strain of salmonella. Both the time of development and the duration of detection of cytophilic macroglobulin in this study are similar to the observations of Nelson (19) and Nelson and Mildenhall (20) who studied the development of cytophilic antibodies to sheep erythrocytes in mice.
The generation of cytophilic antibodies to sheep erythrocytes (3, 12, 19) and to other antigens (4) (9, 10) in that cytophilic antibodies were generally absent 7 days and 3 months after immunization and consistently present 3 to 4 weeks after immunization.
What role, if any, does the cytophilic macroglobulin described here play in salmonella immunity? As shown previously by Collins (6), immune sera administered to normal mice impart only transient protection to salmonella infection. Jenkin and Rowley (11) indicated that immune antibodies act as opsonins in the clearance of salmonellae by the reticuloendothelial system in the mouse. Similarly, Ushiba et al. (32) described a macroglobulin existing both in the sera and cellbound in the rabbit, which contributed to clearance of salmonellae. The macroglobulin described in this study appears to act as an opsonin in the clearance of salmonellae either in vivo in mice or in vitro in cultures of PEC.
Collins (7) has pointed out that the use of mortality data without regard to in vivo behavior of the challenge population can lead to erroneous judgments concerning the efficacy of both human and experimental mouse salmonella immunizations. Smith and Bigley (28) noted that mouse sera (containing cytophilic macroglobulin) imparted only transient protection to normal mice against lethal salmonella infection, and all mice so treated eventually died (i.e., the longevity of infected mice was prolonged by 4 to 5 days compared to that of unimmunized and infected mice). In this study, when the isolated macroglobulin was given to mice 24 hr before challenge infection, the same 4 to 5 day prolongation of life, over that of normal animals receiving the same dose of virulent salmonellae, was seen. When macroglobulin was used to pretreat PEC from normal mice prior to transfer of these cells into other normal mice, a 9-day survival over that of normal animals was seen to challenge infection. The cytophilic macroglobulin reactive with the protein-rich NP components extracted from whole salmonellae is not able, by itself, to confer resistance to mice against lethal salmonellosis. Since this macroglobulin is able to react with unwashed cells of S. typhimurium and NP-like protein material is present in culture filtrates, the likelihood exists that the NP protcini complex is al portion of, or adsorbed to, the surface of the salmonellae. Since the macroglobulin is directed against the NP material its role as an opsonin in vivo would be enhanced by the existence in, or adsorption to, a position in the cell membranewall complex of the salmonellae of the NP material.
As an opsonin in the clearance of virulent salmonellae (11) the macroglobulin may augment the delayed hypersensitivity mechanism (8) of macrophage activation leading to the eradication of the infecting salmonellae. McGregor and Koster (17) have shown that monocyte-derived macrophages are the cells through which cellular resistance to listeria infection is expressed after interaction with immune lymphocytes. Cytophilic antibodies appear to bind only to receptors on macrophages (1, 30) and may, as Tizard suggests (31) , be in solution in vivo and bind to the macrophage receptors only under conditions of elevated immunoglobulin levels in the microenvironments of macrophages, as in inflammatory foci during certain infections. Collins and Mackaness (8) (28) and, at the same time, provoking manifestations of delayed hypersensitivity (29) . It is this protein-rich complex (NP) against which the cytophilic macroglobulin is directed.
